The variatio n of t he mutual inductance of two coils surroundin g a paramagnetic crystal has been measured as a function of the saturation vapor press ure of helium in the r a nge 1.3° to '1.2° Ie The fa ct t hat t his quantity should vary inversely as t he absolute temp eratlll'e has been m a de use of to investigate the consistency of two recent ly proposed vapor-press ure temperature scales. The r es ul ts s uggest errors above 2° K in the empiri cal eq uation proposed by Cleme nt, Loga n, and Ga ffn ey (in contrast to the experi ences of Erickson a nd Roberts with a magnetic t hermometer) and are in closer accord with t he thermodynamic calculation of Van Dijk a nd Durieux.
Introduction
All practical thermometry in th e "liquid-helium region" (that is, b etween 1 0 and 5.2 0 K ) is dependent, directly or indirectly, upon a knowledge of the r elation b etween the saturation vapor pressure of helium and the absolu te temperature. Many investigators measure directly the pressure over the liquid-helium cryostat and derive T from p-T tables; others use the same procedure to calibrate a resistance thermometer or magnetic thermometer, etc. In this type of vapor-pressure m easurem ent the accepted practi ce is to apply a depth correction ("hydrostatie head" ) to the m easured valu e of p ; this correction is, however, of somewhat doubtful validity and can b e avoided by measuring the pressure in a vapor-pressure bulb that is in thermal equilibrium with the material under investigation (effectively zero immersion) .
The p -T tables in gen eral use at the present time comprise the "1948 scal e" [1] 2 and are based on the work of Schmidt and K eesom [2] , Elean ey and Simon [3] , and Kamerlin gh Onnes and Weber [4] . Possible errors in the 1948 scale were admi tted at t be time of its preparation, notably in the 1.3 0 to 2.2 0 K region from consideration of the helium isotherm measurements of Kistemaker [5] , and b etween the normal boiling point and the critical point due to the sparsen ess of the experimental data upon which t he scale was based in the latter r egion. The investigations of Erickson and Roberts [6] with a magnetic thermometer for the region 1 0 to 4.20 K and those of Berman and Swenson [7] above 4.20 K with a gas thermometer provided a strong basis for a revision of the 1948 scale, and an empirical formula was developed by Clement and co"vorker s [8] from which a p-T table could be conveniently calculated to any desired precision, and which fitted the n ew data to within 0.002 deg throughout the en tire range. A summary of the situation obtaining in October 1954, prior to tbe development of the Clement formula and the publication of the supporting evidence obtained by Corak et a1. [9] from calorimetric work and by 1 A brief flCCOlint of th is work was presented at t ho Fourth Intern ational Con- 
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K ell er [10] from H e 4 and H e 3 isotherm data, has been given by Hudson [11] . rrhe la tter r eport made r eference to some prelimin ary magnetic thermometer investigations by Hudson and de Klerk (unpublished ) that were in qualitative agreem ent with the findings of Erickson and Roberts [6] but suggested somewhat larger errors in the 1948 scale in the r egion of 3.5 0 K. rrhese meas urem ents have now b een extended , using improved apparatus, and the r esul ts provide th e subj ect of the present r eport. While this work was in progress, K eesom and P earlman [12] r eported that some anomalies in their calorimetric data could b e r emoved upon r eevaluating t heir data in terms of the Clement equation. In summary, the eviden ce available in mid-1955 strongly supported the validi ty of the Clem ent equation. A r evision of t he ] 948 scale, long overdue, t her efore seemed feasible and the time opportune v.rith th e approach of the Fourth International Confer en ce on Low T emperature Physics in P aris in September 1955 . Dming this conferen ce, however , th e results of a new thennodynamic calculation of the p-T r elation , which differs by several millidegrees from the Clemen t equation below 1.5 0 Ie and above 2.2 0 K , wer e announced by Van Dijk and Durieux. 3 rrhe first part of section 4 of t his paper deals with an analysis of our data in terms of the Clement equation . In section 4.2 the same data ar e reanalyzed in terms of the Van Dijk-Durieux table.
Apparatus
To reduce uncertain ties in t he measmement of p, the saturation vapor pressure, occasion ed by m easmement of the bath-pressure and application of the hydrostatic-head correction , a vapor-pressure bulb was employed. A series of m easurements was perform ed with the apparatus shown in figure 1 , a.
The ma gnetic thermometer co mprised a paramagnetic salt specim en, A (a 1-in . spher e ground from a large crystal of chromic m ethylammonium alum)4 ----- • Tile choice of salt was based upon t he requiremellts: Reproducible behav ior. small crys tal fi eld splitting and dipole-dipole interactioll, absence of direct exch ange intemctioll , and case of growth of large crystals. located within a mutual inductance, P-S, which was wound, in a rigid assembly, on concentric glass tubes. The latter was connected to an a-c mutual-inductance bridge [13] . For convenience of removal and inspection of the crystal, the bulb, B, was extended to project beyond the coil windings, and closed at the bottom by a ground-joint plug, C. A pedestal, D, supported the crystal, and the volume of the bulb was reduced by means of a hollow glass "filler", E. The tube, F, connected the bulb to the manometer system and was protected by a vacuum jacket, G. Sealed-in glass disks, each perforated by one small hole (about 2 mm in diameter), provided radiation shielding, and F and B were silvered internally.
The purpose of the jacket, G, was to avoid a "cold spot" on F: Due to the hydrostatic head effect, the liquid helium in the surrounding bath is coldest at the surface and, if the vapor in F comes to thermal equilibrium with the bath liquid at this point, the pressure indicated on the manometers will be that corresponding to the temperature at the liquid surface and not at the p9ramagnetic salt (but see below).
As the temperature of A changed with changing bath pressure, the variation in susceptibility was detected as It change in the bridge setting, n. Since the approximate calibration formula of the thermom- in practice because of small fluctuations at the lowest pressures and to the necessity for applying small corrections for the nonlinearity of the bridge, but the probable error due to such effects was less than 1 millidegree thoughout the range of measurement (1.3 0 to 4.20 K).
Subsequently the apparatus was redesigned, for reasons given below, and the second version is shown in figure 1 , b In this modification there was no vacuum Jacket shielding the tube, F, the vaporpressure bulb was shortened considerably, and access to the latter was made possible by winding the coils of the mutual inductance on demountable formers. This assembly proved thoroughly satisfactory from the point of view of rigidity.
Experimental Procedure
With liquid helium in the cryostat, liquid helium was introduced into the vapor-pressure bulb by condensation of gas under a small overpressure. Prior to the silvering and final assembly, a test filling was carried out to determine the exact quantity of helium required to submerse the crystal, A, and to observe the change of liquid level within the bulb during continuo us cooling of the bath. This level will tend to rise because of condensation of the helium gas in the manometer system and fall because of increased density of the liquid as the lambda point is approached. In the present apparatus, the former effect tended to outweigh the latter, and thpre resulted about a 3-mm submersion at the lambda point. As the precise depth varied with bath level (a large part of the dead-space gas is contained in the section of F that is immersed), the possible correction of 0.03 mm of Hg was not applied to the measured value of p. [The corresponding error in Tis 3 X 10-4 deg at the lambda point and becomes progressively smaller as T increases; below the lambda point there is, of course, no depth correction.]
In an experimental determination of helium vapor pressure the most probable sources of error, i. e., extraneous heat influxes to the bulb, will lead to an overestimate of p. Apart from the more familiar radiation and conduction effects, there is one peculiar to low-temperature apparatus; viz., a heat influx due to oscillations in the gas column in a tube such as F. As a result of these heat lpaks, the surface temperature of the bulb liquid will be raised, and temperature inhomogeneity will persist because of the low thermal conductivity of the liquid. A thermometer below' the surface will therefore be at a lower temperature than that corresponding to the measured value of p. The paramagnetic salt is a much b etter heat conductor than liquid helium, but, even so, a very small heat influx (if all passes through the salt) will suffice to set up a differential of several millidegrees across a I-in. sphere. (A rough calculation gives: at 4.20 K, 5 x 10-4 watt per millidegree; at 2.20 K , 10-4 watt per millidegree.) The employment of a vacuum jacket in order to avoid a cold spot on tub e F (fi g. 1), was found to do m ore harm than good ; h eat flow along F from ahove is preven ted from en tering the ba th-liquid, and th e conduction h eat leak into the vapor-pressure bulb is greatly in tensified. A stron g manifestation of this effect was observed in the first apparat us, and it was found n ecessary t o admit " exchange gas" into the erstwhile vacuum sp ace, G, in order to minimize this h eat, leak. [In fact, the " cold-spot hypothesis" appears, up on closer examination, to be invalid for liquid-helium vapor-pressure thermometry in a glass appara tus. This was not appreciated , however , at the time of d esigning th e first apparatus. T he hypothesis supposes that a pressure drop exists along the t.ub e corresponding to the full hy drostatic h ead, which is, for example, 1 mm of Hg for a l a-em dep th. (This is equivalen t to 1. 5 millidegrees a t 4 0 K , 3 .7 millidegrees a t 30 K .) U nder such a f1 p, t h ere would b e a vt'ry large flow of vapor up the tub e, which , for the main tenance of the supp osed conditions, must cool to the cold-sp ot temper at ure and th en r eturn downward by convection or condense and flow back as liquid. A rou gh calculation shows at once that in a t ube of th e size used (I-em i. d .) th e required hea t transfer could no t possibly t ake place through the wall and the process must b e self-stifling.)
The presen ce of gas oscilla tions in the t ub e, F , was sought for by connecting a small oil manometer of 2-mm bore b etween F and the bath . 5 N one could be detected with th e arm connected to th e bath closed off. (Wi th t his arm open , the oil meniscus oscillated with a p eriod of some 15 sec and an ampli tude of about 1 mm.) The sam e manometer could b e used as a direct ch eck on th e hy drostatic-head effect. In th e first app aratus, the hy drostatic h ead as m easured in t his way was always considerably higher th an that compu ted from th e level of t h e li quid in th e bath . With the second apparatus, the . t wo values always checked mu ch mor e closely, which suggests that a h eat leak was prest'n t in the first appar atus.
The second apparatus was accordingly built withou t the vacuum shield, G ( fig. 1, a) and with smaller holes in th e radia tion shields (which were also increased in number and more closely spaced ). Enough liquid was condensed to reach , initially, the equator of t h e sphere, A , t o mak e b etter use of the thermal con ductivity of the salt as opposed to that of liquid h elium.
The m anometers were of sufficiently large bore to obviate the n ecessity for meniscus-height corrections. Thermomolecular pressure effects, and the r eflux of helium du e to film flow in th e H e 11 region, wert' negligible for the I-em-diameter t ube used. Pressures were m easured to 0.01 mm by means of a W'ild cathetometer and th e readings corrected t o standard gravity and 20° C. Pressures were stabilized through simultan eous adjustmen t of a finecontrol pumping valve and th e current through a small heating coil in the bottom of the cryostat. The bridge readin g, n, is a lineal' fun ction of the susceptibility of th e param agn etic salt specimen , x, which varies as the inverse of th e absolu te temp erature (Curie law). D epar tures from t he Curie law due to the crystalline fi eld spli tting of th e ground state spin-quadruplet ar e negligible do,\TIl to 1.3° K , the lower limit of m eas urem en t [14) . The calibration formula actually h as th e form n-B =AI T ,
wher e A is proportional to the Curi e constan t of t h e m at erial, and B is a second constan t, equivalen t to the bridge balance value at infinite temperat Ul'e. J n order to examine the over-all consisten cy of a given p-T r elation the two constan ts A and B m ay b e determined by plotting n as a fun ction of l i T and fit ting a straight line to the data . Inserting these values in to eq (1), magn etic temper atUl'es, Tm, ar e then computed fo r each measured valu e of n, and th e differ ences f1T= T -T m provide a m eaSUl'e of the " over-all validi ty" of the given p-T r elation .
[As th e latter may be a priori in error in any p art of t he tempera ture r ange inves tigated , th e correct valu es of A and B ar e, within limits, infini tely variable and th e final choice correspondingly arbitrary. The two constan ts may be fixed by consid ering the scale to be correct a t an y two chosen points, preferably at opposite ends of the temperature inter val (d . Erickson and Rober ts (6) ). ) Values of f1T/ T m are th en plotted against Tm for a more sensi tive check of th e quality of the above fi t: for let us suppose that the derived f1T's ar e en tirely due to in correct choi ces of the values for A and B . Then (2) and (2a)
B earing in mind that this typ e of plo t will tend to exaggerate deviations a t the lowest temperatures, the bes t straight line m ay now be dra wn and the originally chosen values of A and B modified accordingly (see foo tno te 5). By such a procedure it was found possible to assign fin al values to A and B wi th confiden ce that any al ternative choices that could be r eadily permi tted would only affect the values of f1T in a minor way and woulo not in validate th e general conclusions as to the over-all correctness of the scale. [This procedure becomes the more acceptable, the better is the p-Trelation under examin ation. In the case of the 1948 Scale, fo r example, t,he errors are so large that the choice of B wo uld have to be supported by an indep endent determin ation of this quantity from m easuremen ts at high temp eratures; this was no t possible in the presen t a ppara tu s wher e t h e m easuring coils wer e immersed in liquid helium.] TABLE 
Corres ponding values of pressure in millimeters of mercury, p (corrected to 20° C and standard gravity), and bridge dial-setting, n (corrected for nonlinearity in decade scale)
J un e 7, 1955 II Ju ne 8, 1955 June 16, 1955 June 17, 1955 Au gust 17, 1955 
Results
The experimental data, i. e., corresponding values of pressure in millimeters of mercury (corrected to 20° C and standard gravity) and bridge reading (corrected for nonlinearity ), are given in table l.
.1. Comparison With the Clement Equation
Four run s on different days were made with the first apparatus and the results could b e harmonized, using slightly different values for the constants A and B, with a quite small scatter. This is shown in fig. 2 ,a. 6 The signal feature of these r esults is a large positive deviation hump (t"Tr-.,,5 millidegrees) in the middle of the H e I r egion. The deviations are very small in the H e II region (less than 1 millidegree) and achieve significant negative values above 4 O IL From what has been said in the preceding section, the good fit in the He II r egion could be fortuitous, and one might, for example, reassess the thermometer calibration to give a zero deviation in the region of the boiling point and again somewher e in t he middle, say, of the H e II region. This has been done in fig ure 2 , b . The main effect is to exaggerate the 3°K " hump " while only slightly affecting the points below the lambda point.
On either assessment, however, t he suggestion remains t hat the "Clement temperature" ( TCl) is too high by several millidegr ees in the n eighborhood of 3°K. Equally well, of course, t he measured vapor pressures could be too high here due to errors of measurement, su ch as would be occasioned by extraneous heat influx to the bulb. All t h e data of figure 2 were obtained wi th exchange gas introduced into t he jacket, G ( fig. 1, a) . Wit hout exchange gas the 3°K hump became several times larger, and this finds a ready explanation in terms of heat conducted down tube F ( fig . 1, a) , as discussed in section 3. B y t he same token, t he hump of figure 2 might be due to an ineradicable h eating effect, and that i t is partly so is supported by the data obtained with the second apparatus, shown in figure 3 . Only one experiment was carried out with this apparaLus, and Lhe data ar e accordi ngly somewhat spar e. Th e Lhermometer calibration was quite difreren L from the previous case, i. e., one was then operaLing upon a different section of the bridge windin gs, which is an advantage in checking the intern al con i ten cy of the bridge. The results are very similar to tho se of figm e 2, b , but the hump in t he H e I r egion is much less pro nounced (see footno te 6). Table   R ecently Va.n Dijk and Durieux (see footnote 3) have r ecalculated the p-Trelation fo r helium, making a rcassessment of the b est available thermodynamic daLa. Th eir r esults are not in exact accord with the Clement equation and, in fact, deviate from it in Lhe H e I region after the manner of the points in figure 3 , with a !:lTmax of 3.6 millidegrees at 2.9°Ie. (Compare fig. 3 .)
Comparison With the Van Dijk-Durieux
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The la tter [no t shown] shows ze ro deviation aL l.7°K and a minimum deviation aL a bo u L 3.8°](; these features have been used as a guide in obtainin g the calibration curves from which figure 4 is derived. It can be spen t haL a Lwo-poin L tic-down is forced on one her e, as it is imposs ible Lo c lwo e valu es of A and B (eq ( 1)) LhaL will give efl' ectivcly zero !:IT over a significantly large tempera Lure in terval without ca usin g unduly large deviation s else where.
Thus one ma y keep the magniLude of !:IT( = T VDDTm small tlu'oughout the en tire range of m eas urement but then one also obtains a systematic deviation in the H e II region. The August data are plotLed in figure 5 , whi ch is to be compared with figme 3. Figure 5 ,vas ob tained as the b est fit throughouL t he entire range of measurem en t, and it, too, has th e feat ure of pJ'actically zero d eviation at 1 None of the present measurements can be brought into very close accord with the Clement equation , in contrast to the r esults of Erickson and Roberts [6] . ffhe greater part of Lhe laLter data was obtained from bath-pressures plus hydrostatic-head correction, which might accounL for the discr epancy, since the conditions necessary for the exact validity of applying such a correction are impossible to achieve in practice.
The significant differ ences among the data of Erickson and R oberts and the first and second series reported h ere point up a major problem in vaporpressure thermometry in the liquid-helium region, viz., the difficul ty of reproducing r esults from one apparatus to another and of checking any p-T relation to the desirable accuracy of 1 millidegree. From the practical point of view, one desi.Tes to obtain accurate values of absolu te temperature from simply performed measurements of vapor pressure, the latter being an essentially minor part of any given investigation. It is not entirely unreasonable to seek a solution in the direction of making rigid stipulations con cerning the technique of vaporpressure measurement and to evolve a "practical p-T relation" that is different from that calcu lated on a thermodynamic basis.
On the other hand, it is true that the differences b etween the Clement equation and the Van Dijk-
